It is now recognized that temporary threshold shift (TTS) grows to an asymptotic level (ATS) after a prolonged exposure to steady-state and intermittent noise. Few studies have been conducted to verify this process of acquisition for impact noise. However, results obtained on animals have demonstrated that an asymptote is reached after 1-2 h of exposure. These results have been confirmed in the present study on four human subjects using a 470-ms (B duration) impact noise at a rate of 1 pps. The above pattern of acquisition has been retested on two subjects exposed to the same impact for periods of 15-150 min. An ATS of 15-20 dB was measured (Lp = 102-104 dBA) after 30-60 min of exposure. Recovery curves were determined for each exposure duration. They appeared to follow a logarithmic function of post-exposure time. It took from 30-50 min for one subject and from 4-5 h for the other to completely recover. The time for total recovery did not seem to vary as a function of exposure time. Implications are drawn for damage risk criteria and for the study of the effects of impact noise on hearing. A close analysis of these studies has demonstrated that many functions prevailed: linear, exponential, logarithmic, and asymptotic. The differences noted between the result of these studies (Table I ) In one study on human subjects (H6tu et al., 1984) , the results suggested that, after 60-90 min of exposure to impacts presented at a rate of 1 pps, TTS approached asymptotic level. Based on these results, a study has been carried out to confirm the conclusions of Henderson and Hamernik (1986). Before presenting these results, we will examine the data available in the literature on the recovery from TTS following an exposure to impulse noise.
INTRODUCTION

Temporary threshold shift (TTS) studies are of interest in evaluating the risk of damage to hearing. One damage risk criterion assumes that the asymptotic value ofTTS (ATS) is
( 1 ) to summarize the data available to date on the growth of and recovery from TTS resulting from exposures to impulse noise, and (2) to present and discuss the results of recent studies conducted on human subjects exposed for periods of 8-150 min to long-duration reverberant impact noise presented at a rate of 1 pps.
I. REVIEW OF AVAILABLE DATA
A. Growth of TTS for impulse noise
It is generally stated that TTS grows linearly as a function of time or of the number of impulses (Melnick, 1978) . In fact, to our knowledge, only three relevant studies have been conducted with human subjects (Ward et al., 1961; Loeb et al., 1965; Walker, 1970) .
A close analysis of these studies has demonstrated that many functions prevailed: linear, exponential, logarithmic, and asymptotic. The differences noted between the result of these studies (Table I ) linearly as a function of the logarithm of time. To explain this phenomenon, they have postulated a model based on two mechanisms of fatigue; a metabolic process (M) and a mechanical process (S), the first of which recovers before the other. From these two processes, they had suggested four types of recovery that had been observed experimentally: "log time" (Cohen, 1961 (Ward, 1970) , and "delayed recovery" (Ward, 1960 (Ward, , 1970 •Rice and Coles, 1965) . When the TTS due to the process S is absent, the simple logarithmic recovery M is seen. If there is some slight S-type TTS, the curve shows a slight tail. IfMrecovers before S has grown to its full magnitude, a rebound will appear. Part of the recovery of Mmay be masked out by the growth of S, which gives a diphasic recovery. Finally, if the entire M recovery curve is masked by an S type of large magnitude, there is delayed recovery. Mechanical fatigue would become predominant when the subject is exposed to a certain level of noise exceeding a critical level, which differs from one individual to another (Hdtu and BoudreauIt, 1978; Price, 1979 Mills and Talo (1972) reveals that, for equal amount of ATS, the risk of permanent hearing loss will be more pronounced if the exposure is to impulse rather than to steady-state noise.
In light of this analysis, one must conclude that no data are available to describe the process of recovery following exposure to impulse noise for human subjects, except for those from Luz and Hodge ( 1971 ), which focused on very high exposure levels (155-dB peak) for unspecified durations. It is also unknown whether ATSs were reached during these exposures.
To clarify the relationship between the growth of and recovery from TTS, experiments were conducted on TTS from impulse noise with human subjects. Experiment I aimed at describing the growth of TTS as a function of exposure duration to a reverberant impulse having a long decay time presented at a repetition rate of 1 pps. This type of signal was chosen because the range of exposure levels that would induce specified amounts of TTS was known from the results of previous experiments (Hdtu et al., 1984). Experiment II was conducted to confirm the results of Experiment I and to study the recovery process following this kind of exposure.
II. GENERAL METHOD -
A. Noise generation and calibration
The recorded noise of a hammer beating against a metal plate was played back through a loudspeaker. The subject was seated facing the speaker at a distance of 1.5 m; the The measurements of TTS2 was performed at one frequency, namely at the most sensitive ear and at the frequency most affected by the particular noise under study. In fact, post-exposure audiograms were initiated 75 s after the end of the exposure at the frequency preceding the one most affected. Each interrupted test tone (200 ms on-off) was presented for 30 s. The most affected frequency was identified through successive exposures to series of 60 impacts; the peak level was progressively increased until a 15 -dB threshold shift could be observed at one frequency between 3 and 8 kHz at one ear. This last exposure was repeated in a separate session in order to verify the identification of the target frequency. The effect of exposure durations between 0.5 and 60 min was tested in separate sessions on four subjects. A minimum of 24 h separated two successive sessions for a given subject. For the higher peak levels, the exposure was limited to durations that induced amounts of TTS less than 20 dB.
III. EXPERIMENT I: TTS GROWTH CURVES AS
B. Data reduction
The progression of TTS against time was expected to follow an asymptotic function as suggested by the results of Walker (1970) 
where TTS (D) is the amount of TTS after an exposure duration of D at a repetition rate of 1 pps. Here, V, g, and h are parameters.
C. Results
The individual results for the four subjects exposed to the four levels are presented in Fig. 2 . As in most TTS studies, results show an interindividual variability. In our study, however, subject 1 is the most sensitive in each case. The median results, as depicted in Fig. 3 , give a straightforward picture of the combined influence of the peak level and of the exposure duration. It can be seen that an asymptote of 4-18 dB appears to be reached within 30 min at 102 and 108 dBA, and possibly within 20 min or less at higher peak levels. Serious reservations concerning the estimated asymptote at 120 dBA should be made. In that particular case, the exposures were carefully controlled to limit the TTS to 20 dB. Because of that criterion, no exposure exceeding 12 min was allowed.
The asymptote was then predicted by Eq. ( 1 ) without knowing TTS values for longer exposure durations. These results should be tested on animals to clarify whether the TTS reaches an asymptote or increases linearly with time.
IV. EXPERIMENT II. GROWTH OF AND RECOVERY
FROM TTS
A. Exposure conditions TTS growth curves were measured for two subjects at peak pressures, which induced a predetermined effect of 10-20 dB. These levels were 102 dBA for subject CL and 104 asymptote differed between the two subjects. This difference probably reflects interindividual differences, but a procedural factor, such as the exposure level, cannot be ruled out. Table II presents the results as estimated from Eq. (2) for the recovery from TTS for subjects CL and RH. The two subjects differ in the amount of time necessary to recover. In the case of subject CL (Fig. 6) , it took from 182-1008 min to recover completely. The difference between these two values is quite large, and we can suspect an effect related to exposure duration. Actually, close inspection of the data suggests that the recovery process was completed to within 1 dB after 300-400 min for the 60-and 90-min exposures [ Fig. 6 (c)  and (d) ]. The 300 to 400-min recovery period for the other exposure durations is close to those observed for 30, 45, and 120 min of exposure. Moreover, it is worth noting that the amount of TTS after 90 min of exposure reaches 18 dB, while it is 13 and 14 dB for the other exposure durations. This may explain the longer recovery time.
Recovery from TTS
In the case of subject RH (Fig. 7) , the recovery time does not vary from one exposure duration to the other except for the 120-min condition [ Fig. 7 (e) ]. It is difficult to explain this particularly long recovery duration (154 min), since all TTS values are similar and the recovery duration for the 150-min exposure is comparable to the others, namely, 54 min as compared to 35-40 min.
In summary, the results obtained with these subjects suggest that increasing the exposure duration beyond the interval necessary to reach an ATS does not substantially affect the recovery time. This holds for exposure durations unlikely that mechanical fatigue was developed. Indeed, Tr6moli•res and H6tu (1980) have studied this very signal to determine the critical exposure level, i.e., the peak pressure that induced 15 dB of TTS at 4, 6, or 8 kHz following an exposure to 60 impacts at a rate of 0.5 pps. The mean peak level for the 12 subjects was 133 dB, while the median was 131 dB. These peak levels were 27 to 31 dB higher than those used in the present study ( 102 and 104 dB). It is obvious that the hypothesis regarding the transition region given by Henderson and Hamernik (1986) does not permit an explanation of the mechanism responsible for acquisition of an asymptote, which is at least 16 times faster for impulse noises than it is for continuous noises. Another explanation for the faster reaching of the asymptote must, therefore, be sought. One possiblity is that the location of the fatigue could be at a very specific location that could differ with the type of noise. It is now known that the rigidity and the stiffness of the stereocilia are affected during an exposure to noise. Indeed, three sites of stereocilia alterations are suggested, which are: ( 1 ) (Slepecky et al., 1982) . These have demonstrated a very high correlation between the damage to the stereocilia and the threshold shifts.
In light of these experimental results and these hypotheses, it is possible to suggest a mechanism responsible for the asymptotic fatigue quickly reached following an exposure to impulse noises. Indeed, for an equal amount of energy transmitted to the cochlea by an impulse noise and a continuous noise, one can claim that the basiliar membrane, during an exposure to impulse noise, could attain a much greater displacement than with continuous noise. This greater stimulation affects the bonds between the sterocilia more rapidly. As a result, the growth of TTS would be faster, and the asymptote would also be reached more rapidly.
This hypothesis would only be valid above a certain peak pressure level corresponding to a given amplitude of basilar membrane displacement. Our results would seem to locate this level between 100 and 105 dBA. Indeed, below these levels, it is unlikely that we would measure any significant ATS, i.e., higher than 5 dB. If this transition region really exists, and if it is related to the stimulation of the basilar membrane, it could be postulated that, at a corresponding peak level of continuous noise, a similar amount of ATS would be observed. Data from Miller (1958) , obtained with six human subjects exposed during 3 min to a white noise of 85-120 dB, give some clues regarding this hypothesis. TTS growth curves as a function of pressure level clearly demonstrate a rapid increase of TTS, which begins between 90 and 100 dB. We can ask ourselves if a prolonged exposure to these levels would have revealed a faster acquisition of ATS. Unfortunately, very few data on ATS have been obtained at levels higher than 90 dB with human subjects. Mills et al. 
B. Methodological implications
In order to derive accurate rules of the growth of and the recovery from ATS, it would become important to adopt a standard methodology. Indeed, the limits encountered in explaining some phenomena rest, in large part, on the differences between methodologies used in animal studies as well as in human studies. The reaching of an asymptote represents, according to Saunders et al. (1985) , an anchor point that allows the comparison between studies, providing that equal ATS means equal risk of PTS.
This anchor point is define as the value of TTS at the time at which the asymptote is just attained. In order to be able to compare studies, it would be important to determine if the asymptotic phenomenon is similar with animal and human subjects. To do so, the same exposure conditions would have to be equal for the same signals. From these data, it would be possible to obtain equinoxious contours and to extrapolate result from humans to animals and vice versa.
From a pathophysiological point of view, some studies have demonstrated that ATS can predict the upper bound of PTS (Bohne and Clark, 1982, 1987; Bohne, 1983) . Thus ATS studies would allow associations between given amounts of TTS and risk of damage. In an equinoxiousness context, it would be possible to eliminate conversion problems between TTS and the parameters of the noise signals. For example, we could study the evolution of TTS in dB as a function of peak levels of a given signal and determine, on animals, the level at which injuries begin to appear.
ATS studies on human subjects, however, present methodological and ethical problems. TTS has to be as low as possible ( 15-20 dB), in order to avoid any permanent damage. It has been shown in many studies (Mills, 1976 Exposure duration also represents a methodological constraint. Subjects have to be exposed during long periods of time (8-150 min) . This could, be difficult to tolerate• considering the fact that they must remain motionless during the exposure.
In summary, the methodological approach presented in this study offers a great potential for the study of the effects of noise on hearing but involves many constraints. There is no agreement on the physical parameters of impulse noises that determine noxiousness. Of the peak level or the total energy, which is more important in determining the noxiousness? Which other parameters could be considered in damage risk criteria? 
